A reproducible and reliable myocardial infarction (MI) model with less inter-individual variation in ischemic size and ventricular function is essential in cardiovascular research. Little is known about whether the different ligation coordinates [whole length of left anterior descending artery (LAD) or diagonal branches] affect the inter-individual variation of ventricular function in the MI model. The present study compared the characteristics of the experimental swine MI model induced by surgical occlusion of LAD in two groups: group A (n=24), where ligation was performed below the second ventricular branch (D 2 branch), and group B (n=23), where ligation was performed at a distance one-third distal to the apex. Variation of ischemic size and left ventricular ejection fraction (LVEF) at 4 weeks after MI was compared between the two groups using the homoscedasticity F test and coefficient of variance (CV). Difficulty in identifying ventricular branches and the great variation of branching patterns encumbered the precise ligation of LAD in group A. The ischemic size and LVEF in group B were less variable than those of group A. There were significant correlations between the percentile of LAD ligation and infarct size or ventricular function. In conclusion, ligating LAD using its whole length rather than ventricular branches as coordinates may be more practical and advisable for establishing reproducible MI models, and this procedure may prove to help standardize the location of occlusion and infarct size.
Introduction
There are certain anatomical and physiological similarities between pigs and humans, which makes the pig an ideal model for the study of ischemic heart disease [8, 14, 19] . Ligation of the left anterior descending artery (LAD) has been commonly used for establishing a myocardial infarction (MI) model due to its simplicity and convenience. Various locations of occlusion with different ligation coordinates (either the whole length of LAD or diagonal branches) have been reported, varying from occluding LAD distal to the first (D 1 ) [2, 12, 13] , second (D 2 ) [3, 11] , or third (D 3 ) [16] ventricular branch, at the mid-point [7] , to one-third [4] [5] [6] of the LAD dis--Original-tance from the apex. A reproducible and reliable MI model with less variation in the ischemic size and ventricular function is essential in cardiovascular research. Although the inverse relationship between the ligation level and left ventricular ejection fraction (LVEF) has been established for decades in both animal and clinical studies, little is known about whether different ligation coordinates (the whole length of LAD, or diagonal branches) affect the stability of the MI model. In the present study, we compared the characteristics of an experimental MI model in miniature pigs by ligating LAD with two different coordinates: ligating LAD distal to the D 2 branch (using diagonal branches for reference), and ligating LAD at a distance one-third distal to the apex (using the whole length of LAD as the reference).
Materials and Methods

Animals and groups
Forty-seven miniature pigs aged 8-11 months and weighing 17-22 kg (Huaxin Special Breeding Farm in Laogang Town, Nanhui District, Shanghai, China; Licence No. SCXK-Shanghai 2007-0013) were assigned to two groups. In group A (n=24, MW 18.5 ± 3.6 kg), LAD was ligated just below the D 2 branch through intercostal space thoracotomy, and in group B (n=23, MW 19.1 ± 2.8 kg), LAD was ligated at one-third of the distance from the apex using parasternal thoracotomy. Experiments were performed using both male and female pigs at random. All animal experiments were approved by the Animal Care and Use Committee of Fudan University (Shanghai, China) in compliance with the "Guide for the Care and Use of Laboratory Animals" published by the National Academy Press (NIH Publication No. 85-23, revised 1996).
Surgical procedures
The miniature pigs were fasted for 6 h and sedated with ketamine (15-20 mg/kg), diazepam (1.5-2 mg/kg), and atropine (50-100 µg/kg). The anesthesia was maintained with pentobarbital sodium (0.1-0.2 mg/kg/min, i.v.), and succinylcholine (10 mg/kg) was added to ensure thorough muscular relaxation when necessary. All animals were intubated and mechanically ventilated with oxygen and underwent electrocardio-monitoring prior to and during surgery.
The animals in group A were fixed in a right lateral position and subjected to thoracotomy at approximately the third or fourth left intercostal space where the apical beat was most palpable. After opening the left thoracic cavity, the pericardium was incised along the longitudinal axis of the heart. A silk suture was placed around the LAD approximately 3 mm below the D 2 branch to allow partial occlusion for 15-20 min and then to ligate the vessel totally and permanently. Occlusion was confirmed by electrocardiography (elevation of the T-wave as the first sign, and later significant elevation or depression of the ST segment), gross appearance of the local myocardium (color change from pink to dark red, along with hypokinesis), and echocardiography (apical hypokinesis) 60 min after ligation. A lidocaine bolus (2 mg/ kg) before coronary occlusion and a subsequent infusion at a rate of 50 µg·kg -1 ·min -1 after occlusion were given intravenously. After stabilization of electrocardiograms and vital signs for 30 min, the pericardium was sutured, and the wound was closed in layers, then the thoracic cavity was evacuated. The animals were alllowed to recover and fed a normal diet. The animals in group B were placed in a supine position for a left parasternal thoracotomy, approximately at the joints of the sternum and the costal cartilage. With the pleura kept intact, the pericardium was opened and LAD was occluded at one-third of the distance from the apex (positioned by trisection of a suture silk expanding from the LAD ostium to the apex). The other procedures were much the same as for group A, except that thoracic evacuation was not performed.
Echocardiography and coronary angiography
Echocardiography was performed before infarction and 1 h after infarction. LVEF (%) was calculated as [100 × (volume in diastole -volume in systole)/volume in diastole] by the modified Simpson's method. The parameter was averaged over 3 consecutive cycles by two independent observers.
Digital coronary angiography was conducted in surviving animals 3 days after infarction. A right or left femoral artery was surgically exposed and cut open with small sharp scissors. The guide wire (0.97 mm × 150 cm) was placed in the artery and a 6 French catheteriza-tion sheath was introduced and kept in place by a suture. Heparin (1,250 U) was administered intra-arterially as a bolus. The left main coronary ostium was engaged, under fluoroscopy, using a 6 French JL 3.5 diagnostic catheter or 6 French XB 3.5 guiding catheter. Left coronary angiography, using iopamidol as the contrast medium, was performed in multiple views (right anterior oblique, anteroposterior, and left anterior oblique views). The complete occlusion of LAD was evaluated.
Postmortem infarct size and ligation site
The miniature pigs were euthanized with 10% 30 ml potassium chloride i.v. to arrest the heart in diastole under deep anesthesia at 4 weeks after MI. The heart was excised to determine the whole length of LAD, the distance from the ligation point to the LAD ostium and the branching pattern of LAD. The percentile of LAD ligation (%) was calculated as [100 × (distance from the ligation point to the LAD ostium)/(the whole length of LAD)] (Fig. 1) . Then, the heart was cut into 8-mm thick transverse slices in parallel to the atrioventricular groove to assess the infarct size. The infarct area that appeared pale was excised and calculated as the percentage of the ventricular mass. At the end of the experiment, sections from the peri-infarct area were stained with hematoxylineosin (HE) and Mallory solution.
Statistical analysis
Descriptive variables are presented as mean ± standard deviation (SD) for measurement variables and percentages for numeration variables. Comparison between groups was performed with the t or t' test for measurement data, and the Likelihood ratio Chi-Square test for numeration data. Values of P<0.05 were considered statistically significant. The variation of each parameter was compared between the two groups using the homoscedasticity F test and coefficient of variance (CV). Linear regression analysis was used to analyze the correlation between the LAD ligation point and the infarct size or LVEF.
Results
Adverse events
All 47 pigs developed ventricular premature contraction during surgery, and 14 of them experienced ventricular fibrillation, which was blocked by direct current defibrillation successfully in 6 pigs, but unsuccessfully in the other 8 pigs. Thus, 39 of the 47 pigs survived the surgical intervention. All ventricular arrhythmia occurred within the first 35 min after LAD occlusion.
As shown in Table 1 , there were no significant differences in the incidences of ventricular fibrillation, death, wound disruption and infection between groups A and B.
LVEF and its variation
There was no significant difference in baseline (pre-MI) LVEF between groups A and B, while post-MI LVEF decreased to a greater extent in group A than in group B ( Table 2) .
CV of post-MI LVEF in group B was smaller than that in group A. Furthermore, there existed heterogeneity of variance in post-MI LVEF between the two groups ( Table 2 ). These results suggest that the left ventricular function in group B, created by ligating LAD with its whole length as a reference, was less variable than in group A.
Position of LAD ligation, infarct size, and their variations
Postmortem examination showed that the site of LAD ligation was lower and the infarct size was smaller in group B than in group A (Table 3) . Importantly, the distance from the ligation point to the LAD ostium and the ischemic size in group B varied less than in group A. In addition, there existed heterogeneity of variance in the percentile of LAD ligation and ischemic size between the two groups (Table 3 , Fig. 2 ). These findings indicate that there was a more uniform ischemic size and LVEF in group B than in group A.
Coronary branching patterns (angiography and postmortem examination)
To elucidate the great variations in LVEF, position of LAD Ligation, and infarct size in group A, coronary branching patterns were analyzed by angiography and postmortem examination. Coronary angiography showed that all occlusion sections were visible in all 39 surviving pigs, suggesting that the surgery was successful. Great variations were noticed in the position, number and diameter of ventricular branches in the pigs (Fig. 2) , indicating that it would be difficult to find the correct ventricular branches during thoracotomy. It may explain the great variations in infarct area and LVEF in group A which usd the diagonal branches as coordinates for ligation. Occasionally, vessels distal to the occlusion site were visible due to the existence of collateral circulation (one pig in group A and 2 pigs in group B), contributing to the survival of cardiomyocytes in the infarct areas (Fig. 3) , however, we could not perform a statistical analysis because of the small sample size.
Pig postmortem examination showed that the left main coronary artery was 0-3 mm in length, which corresponded with the angiographic imaging (Figs. 1A-D,  2A, 2B, 3C, and 3D ). The length of LAD, which had 3 to 6 visible LV branches, from the base to the apex averaged (8.78 ± 0.25) cm. The extra-pericardium fat pad was thick in the atrioventricular groove and extended along the ventricular groove, covering the first half of LAD in all animals. The myocardial bridge was seen crossing an LAD segment anatomically in 7 pigs (3 in group A and 4 in group B) and angiographically in 3 pigs (one pig in group A and 2 pigs in group B) ( Fig. 4D and  4E ). In addition, the LAD branches penetrated the myocardial layer at the very beginning in all 47 animals ( Fig.  4B and 4C ). These fat pads and myocardial bridges made it difficult to view the LAD branches during the surgical procedure. After removal of the tectorial tissue, the underlying ventricular branches were not accompanied uniformly by the corresponding vein (Fig. 4A-C) . The branching patterns of the LAD tree were irregular, which was consistent with the coronary angiographic findings.
The D 1 and D 2 branches arose from the 18 ± 5% and 34 ± 8% section of LAD, respectively.
Correlation of the LAD ligation point and infarct size or ventricular function
To further identify the relations of occlusion location with ischemic size and ventricular function, correlation and regression analyse were performed. The correlation between the percentile of LAD ligation (x) and infarct size or ventricular function (y) was: y = -0.54x + 48.06, (Fig. 5) . According to the regression equations, we infer that LVEF would be 50, 45, and 30% corresponding to 70, 60, and 35% of LAD ligation, respectively.
Discussion
Our study is the first to reveal that the variation of ligation point of LAD, ischemic size and LVEF after MI were greater in miniature pigs when diagonal branches were used as ligation coordinates than when LAD length was used as a reference, indicating that using LAD length as a reference produces a more stable and reliable MI model in pigs. This finding is of great significance in animal studies of heart failure, coronary artery disease, and stem cell therapy. For instance, intracoronary autologous bone-marrow cell transfer after acute MI can improve LVEF as little as 5% [20] . Under such circumstances, a stable MI model is imperative to minimize the possible confounding effect [1, 17] .
Conventionally, ventricular branches, rather than LAD itself, have been predominantly used as the occlusion reference in establishing open-chest MI models of pigs. It is commenly thought that by occluding LAD distal to D 1 , D 2 , or D 3 branch [2, 12, 13] , the size of the injured myocardium and the cardiac function can be well controlled by identification of these branches, which are supposed to be visible in surgery and less variable in anatomy. In fact, "blind" ligation is inevitable in many cases. First, ventricular branches feature great diversity in their location, number, and diameter, as observed in our and other studies of left coronary angiography and autopsy [8, 9] . The irregular branching patterns of LAD make it difficult to identify which branch is the D 1 or D 2 branch. Secondly, tectorial tissues of the coronary artery including thick fat pads and the myocardial bridge [18] , as well as limitation of the visual field in intercostal thoracotomy, may inhibit to some extent the precise judgment of these branches during surgical procedures. Thirdly, the distribution of superficial and visible coronary vein branches is not always in line with the branching pattern of LAD, so they cannot serve as an indicator of artery branches. Indeed, we occasionally mistook the D 1 or D 3 branch for the expected D 2 branch in the present study. These problems are attributable to the great variation in ligation point, infarct size and cardiac function in MI models.
Conversely, using the LAD length as the reference could standardize the occlusion site of LAD and avoid problem of branching variation and "blind" ligation, and establish a more stable and reliable MI model. Actually, our findings that the LAD length is superior to coordinates of ventricular branches is validated by the evidence that open-chest methods are more advantageous than closed-chest approaches, in procedures such as injection of thrombogenic material and occlusion by balloon catheter, due to a well-controlled occlusion site using the whole LAD length as a reference [10] . As the trunk of the left coronary artery in pigs is short (approximately 0-3 mm in this series), the initial point of LAD is easy to locate, and is approximately at the junction between the left atrium and the aortic root. As such, with full exposure of LAD in parasternal thoracotomy, it is feasible to define the percentile of LAD just by means of expanding a suture silk from the initial point of LAD to the apex of the heart. The results of this study reconfirm the inverse relationship between the infarct size and LVEF. The larger the infarct scar, the lower the ejection fraction. More importantly, our study showed a good correlation between the percentile of the occlusion point and ventricular function, which could be used to determine the appropriate ligation site of LAD to satisfy different study purposes. If an experiment aims to establish a heart failure model, the ligation site should be shifted to a higher level. In this case, however, the risk of exposing animals to possible adverse outcomes (such as ventricular fibrillation and death) must be weighed against the benefit of significant decrease in left ventricular function. Pigs are susceptible to fibrillation [15] , and will be in danger of dying if the ischemic area is over 25% of the left ventricle [8] . Therefore, the high death rate is a challenge, especially when a higher level of LAD ligation is adopted for constructing a heart failure model. In this study, LAD was occluded between the first and the third quartile of its length, which is in accordance with most experimental settings of acute MI and heart failure. It is noteworthy that the regression formulations drawn from our data should not be applied unlimitedly from the perspective of either statistics or pathology. That is, the change of cardiac function will definitely outreach the range of the prediction of the regression formulation when LAD is occluded at more than 75 percentile or less than 25 percentile of its length. Pigs rarely survive excessive ligation proximal to the D 1 branch, which arose from the 18 ± 5% section of LAD in this series. Notably, the same ligation percentile of LAD does not mean an identical decline of LVEF because of the individual variations in the predominance type of the coronary artery, the length of LAD, the collateral circulation (Fig.  3) , the baseline cardiac function, and the branching pattern of LAD. It is a limitation of this study that we did not investigate cardiac biomarkers such as cardiac enzymes and brain natriuretic peptide (BNP). A combination of biomarkers and LVEF may be reflective of cardiac function in a more comprehensive way.
From the perspective of thoracotomy, the parasternal approach boasts its thorough exposure of LAD and intact pleura when compared with the intercostal pathway. On account of the maintenance of intrapleural negative pressure and no risk of open pneumothorax, we speculate that blood gas is normal during the procedure, even without mechanical ventilation. Despite this, in our study, mechanical ventilation was still maintained lest fibrillation should occur after acute MI, knowing that pigs are especially prone to the development of lethal ventricular arrhythmias [15] . Nevertherless, the parasternal approach has its own disadvantages. For instance, it is difficult to suture the sternum with the costal cartilage, and wound disruption is more likely to occur because the parasternal wound assumes greater pressure than the intercostal pathway. One pig in our study developed wound disruption. There was no significant difference in the incidence of wound infection and pericardial adhesion between the two approaches.
In summary, the pig MI model of ligating LAD distal to its ventricular branches is less satisfactory due to its greater variations in left ventricular function and ischemic area, as well as the problem of identifying nonuniform branches and their invisibility. Occluding LAD using its whole length as a reference rather than diagonal branches as coordinates may be advisable for establishing a reproducible and reliable MI model, since it enables standardization of the location of the occlusion and ischemic size.
